The type VI secretion system (T6SS) is used by many bacteria to engage in social behaviors 29 with others and can directly or indirectly affect the health of plants and animals. Because 30
Introduction 45
The Type VI secretion system (T6SS) is a versatile secretion system that has been 46 implicated in virulence, antagonism, nutrient acquisition, and horizontal gene transfer [1] [2] [3] . 47
Contact-dependent interbacterial competition appears to be the major function of T6SS, a 48 function that can influence the composition of microbial communities 4, 5 . A T6SS machine 49 resembles a contractile phage tail-like structure [6] [7] [8] . Effectors are loaded onto the T6SS either 50 via non-covalent interactions or as carboxy-terminal extensions to either of the three core 51 structural components (Hcp, VgrG, or PAAR) 2, 9 . Upon contraction, the puncturing device 52 carrying effectors is fired and propelled, carrying or allowing effectors, across the cell 53 membrane into the extracellular milieu or into targeted prokaryotic or eukaryotic cells. In 54 general, effectors are considered as accessary components of the secretion apparatus. This is 55 based on the repeated observations that Hcp and/or VgrG, key markers for secretion, can be 56 detected in the extracellular milieu of mutants lacking effector genes 10-14 . 57
The plant pathogenic bacterium Agrobacterium tumefaciens strain C58 encodes one T6SS 58 main cluster consisting of the imp and hcp operons and vgrG2 operon distal to the main 59 cluster 15 . Three T6SS toxin effectors were identified, in which secretion of Tde1 and Tde2 60
DNases is governed specifically by VgrG1 and VgrG2, respectively, and secretion of Tae 61 amidase is likely mediated by Hcp 16, 17 . Tde effectors are major weapons deployed by A. 62
tumefaciens for interbacterial competition in planta 10 . Each of the effector genes is 63 genetically linked to a cognate immunity gene, which form three toxin-immunity pairs (i. e. 64
tae-tai and tde1-tdi1 located in the main gene cluster and tde2-tdi2 encoded downstream of 65 vgrG2 distal to the main cluster) ( Fig. 1a ). Self-intoxication is prevented in the toxin-66 producing cells by the cognate immunity proteins. 67
Here we show that the loading of cargo effectors onto their cognate VgrG spike proteins is 68 required for efficient T6SS-dependent secretion by A. tumefaciens. We demonstrate that in 69 the absence of effector genes, the levels of secretion of Hcp and VgrG and formation of the 70
TssBC sheath are significantly reduced in all examined strains of A. tumefaciens. Our study 71 reveals a strategy that is deployed by bacteria to ensure that effectors are loaded onto T6SS 72 prior to completing its assembly and firing outwards. 73 74
Results and Discussion 75
Despite evidence suggesting that effectors are not components of the secretion apparatus 76 [10] [11] [12] [13] [14] , our previous study showed that variants of VgrG1 lacking the Tde1-binding domain is 77 able to secrete but at slightly lower levels of Hcp and Tae effector 16 . This led us to hypothesize 78 that effector-loaded VgrG is more efficiently recruited for T6SS assembly and/or secretion. To 79 test this hypothesis, we first examined whether the secretion of Hcp and VgrG proteins is 80 affected by the presence or absence of effector genes. We found that the secretion of Hcp and 81
VgrG proteins is affected by the presence or absence of effector genes in A. tumefaciens. In 82 wild type C58, but not ΔtssL, a secretion-deficient mutant, Hcp, VgrG1/2, Tde1, and Tae were 83 detected in the medium, referred as extracellular fraction, confirming their T6SS-dependent 84 secretion ( Fig. 1b ). However, VgrG1 and VgrG2 proteins were not detected in the extracellular 85 fraction of mutant strains in which their cognate effector gene was lacking. VgrG1 was not 86 detectable in the extracellular fraction of any mutant minimally lacking the tde1-tdi1 toxin-87 immunity gene pair (i. e. Δtde1-tdi1, Δtdei lacking both tde1-tdi1 and tde2-tdi2, and Δ3TIs 88 lacking all three toxin-immunity pairs). Similarly, VgrG2 is inferred to behave in a similar 89 manner in mutants lacking tde2-tdi2 toxin-immunity gene pair. Complementing the Δtdei 90 mutant with tde1 restored its ability to secrete VgrG1 while the mutant expressing tde2* 91
(encoding the secretable Tde2 variant with catalytic site mutation) failed to secrete VgrG1. In 92 contrast, the mutant carrying tde2*, but not tde1, restored the secretion of VgrG2 (Fig. 1c ). The 93 levels of Hcp were similar in the extracellular fractions of the wild type strain as well as that 94 from each of the mutants lacking a single toxin-immunity gene pair. During the course of this 95 study, we noticed that in Δtae-tai, downstream encoded proteins (VgrG1, Tap-1, and Tde1 96 proteins) were not detected in either of the cellular or extracellular fractions while imp operon-97 encoded TssB and ClpV encoded upstream of tae-tai were detected in all analysed strains ( Fig.  98 1b and S1). This suggests that Δtae-tai has a polar effect and explains why only VgrG2 but not 99
VgrG1 were detected in Δtae-tai and Δtde2-tdi2Δtae-tai mutants. Interbacterial competition 100 assay showed that A. tumefaciens C58 can only kill E. coli when at least one Tde effector is 101 delivered (Fig. 1d ). The reliance on Tde DNases but not Tae amidase as the primary effectors 102 against E. coli is consistent with previous finding that Tde but not Tae influence the in planta 103 interbacterial competition activity of A. tumefaciens 10 . 104
Strikingly, the levels of secreted Hcp were hardly detectable in Δtdei, Δtde1-tdi1Δtae-tai, 105
and Δ3TIs. This result was surprising because in a previous study, the levels of secreted Hcp in 106
the Δ3TIs mutant were similar to those of wild type C58 10 . A key difference between this 107
previous study and the one presented here is that, in the previous study, the secretion assay was 108 conducted in an acidic minimal medium (I-medium, pH 5.5), whereas here we used a rich 109 medium for unambiguous detection of VgrG secretion. Therefore, we carried out secretion 110 assay for strains Δtdei and Δ3TIs in I-medium (pH 5.5). As reported previously, extracellular 111
Hcp levels in Δ3TIs are similar to those from wild type C58. However, the levels of Hcp were 112 low in Δtdei (Fig. S2 ). Expression of Tae alone or the Tae-Tai pair in Δ3TIs reduced Hcp 113 secretion levels while Tai expression in Δ3TIs did not impact levels of extracellular Hcp in 114
Δ3TIs. These results suggested a role of Tae in regulating Hcp secretion levels in different 115 growth conditions. Nevertheless, Hcp secretion levels are significantly reduced in Δtdei grown 116
in either growth condition. Therefore, we used the Δtdei mutant to further investigate the 117 mechanisms of effector-dependent secretion, because it consistently gave a secretion-less 118 phenotype across different media/conditions. 119
Tde1 and Tde2 require specific adaptor/chaperone proteins to be loaded onto their cognate 120
VgrG spike 16 . Thus, we next examined whether secretion of the two VgrG spike proteins 121 requires the cognate adaptor/chaperones. Secretion was assayed in Δtap-1 and Δatu3641, 122 mutants deleted of genes encoding the adaptor/chaperones for Tde1 and Tde2, respectively 123 ( the absence of either of the adaptor/chaperone-encoding genes. In our previous study, when 128
VgrG1 variants were expressed at higher than endogenous levels of wild type in a vgrG1vgrG2 129 double deletion mutant (ΔG1ΔG2), variants of VgrG1 lacking the Tde1-binding domain are 130 still able to mediate secretion of Hcp and Tae effector albeit at slightly lower levels 16 . We then 131
predicted that overexpression of VgrG in the absence of a cognate effector may be sufficient to 132
initiate the assembly of the T6SS. The polymutant strain, Δtde1-tdi1ΔG1ΔG2op, was generated 133 lacking a region encompassing the tde1-tdi1, vgrG1 genes, and the vgrG2 operon harboring 134 tde2-tdi2. As expected Hcp did not accumulate in the extracellular fraction of this mutant. 135
However, when overexpressing wild type VgrG1 or even VgrG1 truncated variants (812, 784, 136
and 785 a.a.) that are abrogated in their ability to interact with Tde1, Hcp could be detected at 137
high levels in the extracellular fraction ( Fig. S3 ). The shortest variant of VgrG1 (781 a.a.) is 138 previously shown to be incapable of restoring Hcp secretion in ΔG1ΔG2 16 and was similarly 139
unable to restore Hcp secretion in Δtde1-tdi1ΔG1ΔG2op ( Fig. S3 ). These results suggest that 140 the coordinated expression of T6SS components is necessary and influence the regulation of 141 the T6SS. In conclusions, loading cargo effectors onto cognate VgrG proteins is important for 142 T6SS assembly for ejecting the Hcp tube and VgrG spike proteins, and when both Tde1 and 143
Tde2 are not loaded onto VgrG1 and VgrG2 respectively, T6SS is not efficiently assembled for 144
firing. 145 We recently demonstrated that several strains of A. tumefaciens encode functional T6SSs 146 that are necessary for interbacterial competition (Wu et al., in press). From these, A. 147 tumefaciens strains 1D1108, 15955 and 12D1, which belong to different genomospecies with 148 only ~80% gene content similarity to C58, were selected to test whether effector loading onto 149
VgrG is a generalizable mechanism for regulating T6SS in genetically diverse A. tumefaciens. 150
These three strains each carry a single module that circumscribe vgrG and several downstream 151 genes, named as vgrG-associated genes (V1-5 for 12D1, V1-9 for 1D1108, V1-7 for 15955), 152
which encode putative toxin-immunity pairs (V3-4 in 12D1, V6-7 in 1D1108, and V6-7 in 153 15955) ( Fig. 2a , Wu et al., in press). Mutants lacking genes encoding predicted toxin and/or 154 adaptor/chaperone had substantially reduced levels of Hcp and VgrG proteins, as compared to 155 that of their respective wild type strains (Fig. 2b ). The polymutant of strain 15955 included the 156 PAAR-encoding gene. PAAR is a core component of T6SS of Serratia marcescens, Vibrio 157 cholerae and Acinetobacter baylyi 12,18 . In A. tumefaciens strain C58, PAAR appears to have 158 only a minor role 16 . Nevertheless, we tested whether the deficiency of Hcp secretion in 159 15955DV1-7 is due to the lack of PAAR. A mutant strain harboring a plasmid with the paar 160 gene failed to secrete Hcp to wild type levels, suggesting that the deficiency of Hcp secretion 161
in the polymutant was due to the absence of other genes ( Fig. 2b and 2d ). Consistent with the 162 secretion results, interbacterial competition showed these mutants were as compromised as 163 their corresponding ΔtssL mutants in antagonizing the growth of E. coli (Fig. 2c ). Data indicate 164 that effector loading is a conserved mechanism for regulating T6SS of A. tumefaciens and 165
perhaps also in other bacterial species. 166
Given these findings, we next tested whether the presence of Tde effectors is critical to 167
initiate Hcp polymerization and assembly of the TssBC sheath. TssB fused with a fluorescent 168 protein has been shown to assemble into the TssBC sheaths of different lengths that were 169 observed as fluorescent foci (short sheaths) or streaks (extended sheaths) across the cell width 170 6, 19 . In addition, the sheaths were reported to be dynamical contractile structures that were 171 able to contract and disassemble after the extended sheaths were formed 6, 19 . Thus, these 172 fluorescent structures under the microscope can be used as an indicator of the sheath 173
formation. Therefore, a plasmid expressing TssB with a C-terminal fusion to green 174 fluorescence protein (TssB-GFP) was expressed in the ΔtssB, ΔtssLΔtssB and ΔtdeiΔtssB 175 mutant strains of A. tumefaciens C58. TssB-GFP in ΔtssB partially restored T6SS-mediated 176 secretion, as determined on the basis of the amount of secreted Hcp relative to that of the 177
ΔtssB expressing an unmodified variant of TssB (Fig. S4 ). The protein abundance of TssB-178 GFP in different strains were similar by comparing the band intensity of TssB-GFP and its 179 truncated form on western blots ( Fig. S4 ). Similar to the previous reports 6 , the sheaths of 180 different length were often observed as foci or streaks across the cell width. Moreover, these 181 fluorescent structures were observed in the vast majority of the ΔtssB (TssB-GFP) cells ( Fig.  182 3a). We then counted the number of fluorescent structures in each strain (Fig. 3b ). The results 183
showed that the ΔtssB(TssB-GFP) strain had slightly more than one fluorescent structure per 184 cell, and the ΔtssBΔtdei(TssB-GFP) strain had very few fluorescent structures (2~5 foci out 185 of 100 cells). The fluorescent streaks were rarely seen in the later strain ( Fig. 3a and 3b ). In 186 contrast, no streaks were found in the negative control strain, ΔtssBΔtssL(TssB-GFP), if any 187 GFP foci were observed ( Fig. 3a and 3b ). 188
We also isolated and characterized T6SS sheaths, which are tubular structures formed by 189
TssB and TssC proteins 6 . Pellet and soluble fractions from crude protein extracts of the wild 190 type, ΔtssL and Δtdei strains of A. tumefaciens C58 were first analyzed by western blots (Fig.  191 3c). The presence of TssB and TssC proteins in the pellet indicates that they have 192 polymerized into a sheath, whereas monomers/non-polymerized subunits remain in the 193 supernatant. TssB and TssC proteins were detected in the pellet fraction of the wild type but 194 not of the ΔtssL mutant. The amounts of TssB and TssC detected in the pellet fractions of 195
Δtdei were substantially lower than those detected in the wild type, suggesting that the TssBC 196
sheaths were inefficiently formed in the absence of Tde effector-encoding genes. 197
The pellet fractions were further characterized via transmission electron microscopy 198 (TEM). Sheath-like structures were easily detected in fractions from C58 and only very few 199
were observed in fractions from Δtdei (Fig. 3d ). No sheath structures were identified from the 200 fraction from ΔtssL (not shown). Regardless of the source, the sheaths were similar in structure.
201
The diameter of the sheath structure was calculated to be ~30 nm. They have a hollow lumen, 202
suggesting these were contracted sheathes which had ejected the Hcp tube. Relative to sheaths 203 of other bacteria, those from A. tumefaciens have a similar morphology and diameter with the 204 ones reported in other bacteria (25-33 nm) 6,20-23 . The data together strongly suggest that 205 effector-loaded VgrG is an important trigger for efficient TssBC sheath assembly. Such a 206 mechanism may be employed by A. tumefaciens to prevent the assembly of the T6SS machine 207 when effectors are not present and/or loaded. 208
One important question raised from this study is whether regulation of the T6SS via 209 effector loading onto VgrG is a widespread mechanism. In many other species of bacteria, 210 such a mechanism may have been overlooked because of the lack of mutants deleted of all 211 effector-encoding genes and the difficulties to identify VgrG variants that uncouple the two 212 functions of VgrG, those being the delivery of effectors and being a structural feature of the 213 T6SS. Our findings contributed to a new model that predicts the loading of effector cargo 214 onto their cognate VgrG spike protein regulates assembly and activation of the T6SS. 215
Previous studies provided evidence that VgrG interacts with components of the baseplate and 216 the interactions are critical for assembly of the T6SS 7, 8, 24, 25 . Our findings further suggest that 217 effector loading onto VgrG spike is the key in completing T6SS assembly. It is possible that 218 effector-loaded VgrG exhibits higher affinity than VgrG itself for recruitment onto the 219 membrane-associated baseplate. Alternatively, effector loading onto the VgrG-baseplate 220
complexes is the trigger for Hcp polymerization and/or TssBC sheath assembly. In 221 conclusion, our study reveals a mechanism that ensures effectors are loaded onto T6SS prior 222
to completing its assembly and firing outwards. Such a mechanism may be deployed by not 223 only A. tumefaciens but also other T6SS-possessing bacteria to regulate a system that 224
influences their fitness and composition of their communities. 225 226
Materials and Methods

227
Bacterial strains, growth conditions, and molecular techniques 228
Bacterial strains and sequences of primers used in this study are listed in Tables S1 and S2,  229 respectively. A. tumefaciens was grown in 523 medium at 25 º C and E. coli was grown in LB 230 medium at 37 º C, unless otherwise indicated 10,16,17 . Antibiotics and concentrations used were: 231 gentamycin (50 µg/mL for A. tumefaciens and 30 µg/mL for E. coli) and spectinomycin (200 232 µg/mL). Procedures for preparing DNA, PCR, and cloning are described in SI. 233 234
Secretion assay 235
Secretion assays were performed as described 16 . Briefly, A. tumefaciens strains were 236 cultured in 523 medium overnight and sub-cultured, using an initial cell density of OD600nm = 237 0.2, in I-medium (pH 5.5) or 523 medium, depending on the design of the experiments. After 238 6 hours of subculturing, the samples were centrifuged at 10,000 g for 10 min to separate the 239 extracellular and the cellular fractions. The cell pellets were adjusted to OD600nm = 5.0 and the 240 respective extracellular fractions were filtered through low protein-binding 0.22 µm sterilized 241
filter units (Milipore, Tullagreen, Ireland) and proteins were precipitated in trichloroacetic acid 242 (TCA) 15 . Western analyses were done as previously described 10,16,17 . 243 244
Interbacterial competition assay 245
Methods for interbacterial competition assays were previously described 10 . Briefly, A. 246
tumefaciens strains were co-cultured at with E. coli K-12 cells harboring the plasmid pRL662 247
(confers gentamycin resistance), at a ratio of 30:1 on LB agar. The surviving E. coli cells 248
were serially diluted, spotted or quantified by counting colony forming units (CFUs) on 249
gentamycin-containing LB agar plates. Statistics were calculated using one-way ANOVA and 250
Tukey's honestly significance difference (HSD) test 251
(http://astatsa.com/OneWay_Anova_with_TukeyHSD/). 252 253
Sheath preparation and transmission electron microscopy (TEM) 254
Isolation of sheath preparations was performed by following methods previously described 255 6 . In brief, A. tumefaciens cells were cultured overnight in 5 mL 523 and subcultured into 50 256 mL I-medium at 25 º C for 6 hours. The cells were harvested and lysed for 15 mins at 37 º C in 257 4 mL of buffer containing 0. The structure of the imp and hcp operons and vgrG2 operon in A. tumefaciens C58 10 . The 387 arrows represent coding sequencing, with arrowheads depicting the direction of expression. 388
Figure legends
The bigger arrows represent genes that code for components of the T6SS. The vgrG2 operon 389
is located distal to imp and hcp. The vgrG and toxin-immunity gene pairs are highlighted in 390
colors. (b) T6SS secretion assay of A. tumefaciens strains: wild type C58, various mutants 391 lacking one, two, or three toxin-immunity gene pairs, and a mutant lacking tssL. (c) T6SS 392 secretion assay of various A. tumefaciens strains: wild type C58, ΔtssL, the tde double deletion 393 mutant (Δtdei) containing pRL662 and pTrc200 empty vector (V) only or expression of pTdei1 394
(tde1-tdi1 expressed from pTrc200), pTde2* (catalytic site mutated tde2 expressed on pRL662), 395 or pTdei1+ pTde2*. (d) A. tumefaciens antibacterial activity assay against E. coli. The strains 396 of A. tumefaciens were co-cultured at a ratio of 30:1 with E. coli DH10B (+ pRL662) on LB 397
agar. The survival of target E. coli cells was quantified by counting CFUs on gentamicin-398 containing LB agar plates. Data represent mean ± standard error (SE) of 3 biological replicates. 399
Statistics were calculated and significant differences (P <0.01) are indicated with different 400 letters. (e) T6SS secretion assay of A. tumefaciens strains: wild type C58, ΔtssL, Δtap-1, and 401
Δatu3641 harboring a pTrc200 vector (V) or derivatives pTap-1 (tap-1 expressed from 402 pTrc200), or p3641 (atu3641 expressed from pTrc200). Cellular and extracellular fractions 403
were collected from A. tumefaciens strains grown in liquid 523 medium. Western blots were 404 probed with indicated antibodies; the α-VgrG antibody detects VgrG1 (upper band) and VgrG2 405 (lower band) while α-VgrG1 detects only VgrG1 16 . RpoA is RNA polymerase, which is 406 localized to the cytosol of A. tumefaciens. Molecular weight markers (in kDa) are indicated on 407 the left. 408 409 410  other A. tumefaciens strains. (a) The vgrG genetic modules of the tested A. tumefaciens strains. 411
Fig. 2. Deletion of vgrG-associated genes leads to decreases in Hcp and VgrG secretion in
Genes are color coded according to the predicted function or results of functional assays (Wu 412 et al., in press). The vgrG-associated genes are V1-V6 for 12D1, V1-V9 for 1D1108, V1-V7 for 413
15955. Wild type and various mutants of 12D1, 1D1108 and 15955 were analyzed for secretion 414 (b) and antibacterial activity (c) in a ratio of 30:1 against E. coli harboring the plasmid pRL662. 415
The target E. coli cells were serially-diluted and grown overnight on gentamicin-containing LB 416 agar prior to photographing. Each competition was done at least four times and in three 
SI EXPERIMENTAL PROCEDURE DNA preparation and plasmids construction
Plasmid DNA was extracted using Presto Mini Plasmids Kit (Geneaid, Taiwan). 2X
Manufacturer instructions were followed in using Ready Mix A (Zymeset, Taiwan) for polymerase chain reactions (PCRs). For construction of pTrc-TssB-GFP, A.
tumefaciens tssB and the upstream sequences corresponding to the ribosome binding site were amplified from pTrc-TssB (EML4043) (Table S1) with primers tssB_XmaI_F and tssB-GFP_R (Table S2 ). The gfp gene was amplified from pBBR1-GFP (EML3) 1 using primers GFP_HindIII_R and tssB-GFP_F. The two amplified products were fused together in a second PCR that used primers tssB_XmaI_F and GFP_HindIII_R, which include restriction site sequences for XmaI and HindIII. The purified fusion product and pTrc200 plasmid were digested with XmaI and HindIII-HF (New England BioLabs, Ipswich, USA) and subsequently ligated together using T4 DNA ligase (New England BioLabs, Ipswich, USA). The plasmid construct was confirmed via colony PCR, enzyme digestion, sequencing and western blot of A. tumefaciens cells harboring the plasmid.
Mutant construction
The pJQ200KS suicide plasmid 2 and double crossover method were used to generate in-frame deletions of A. tumefaciens genes 3 . In brief, cells were electroporated with suicide plasmids, transformants were selected on 523 agar plates containing gentamycin without sucrose. The Gm-resistant colonies were cultured overnight in LB broth without Gm, serially diluted and spread onto 523 agar plates containing 5% sucrose without Gm to enrich for bacterial cells that had undergone a second crossover event. The deletion mutants were confirmed via colony PCR and western blot analyses. 
